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ABSTRACT

By incorporating a 1-rim-thick p+ doping spike at the PtSi/Si

interface, we have successfully demonstrated extended cutoff wavelengths

of PtSi Schottky  infrared detectors in the long wavelength infrared (LWIR)

regime for the first time. The extended cutoff wavelengths resulted from the

combined effects of an increased electric field near the siiicide/Si  interface

due to the p+ doping spike and the Schottky  image force. The p+ doping

spikes were grown by molecular beam epitaxy  at 450 ‘C using elemental

boron as the dopant source, with doping concentrations ranging from 5 x
1019 to p x 1020 CM-3.  Transmission  electron microscopy  indicated good

crystalline quality of the doping spikes. The cutoff wavelengths were

shown to increase with increasing doping concentrations of the p+ spikes.

Thermionic emission dark current characteristics were observed and

photoresponse in the LWIR regime was demonstrated.
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,! ‘ Siiicide Schottky-barrier  detectors are among the most promising infrared

sensors for large focal plane array applications due to their advantages of uniformity,

reliability, and low cost. State-of-the-art siiicide  PtSi  focal plane arrays are used for
imaging in the 3-5 pm medium wavelength infrared (MWIFi)  region. 640 x 480 and

1024 x 1024 element PtSi imaging arrays have been demonstrated”.

The PtSi spectral response follows the Fowier  dependence, and its quantum

efficiency (QE) is given by

(1)

where CI is the emission coefficient, hv and L are the energy and the wavelength of

the incident photon, respectively, q@ is the Schottky  barrier height, and & is the cutoff

wavelength, given by

(2)

The Schottky  barrier height of the PtSi detector is -0.22 eV, corresponding to a

cutoff wavelength of -5.6 ym. Due to the Fowier  dependence, the QE of the PtSi

. detector in the 3-5 gm MWIR regime is relatively low.

There is a great interest in extending the PtSi cutoff wavelength for long

wavelength infrared (LVVIR)  operation in the 8-14 ~m regime and for improved MWIR

performance. The Schottky barrier height is determined by the combined effects of the

image-force effect and the electric field of the depletion region. Consequently, the

effective PtSi Schottky barrier height can be reduced by introducing a thin p-type

doped layer at the siiicide/Si  interfaces. Due to the enhanced electric field of the

doping spike, a potential spike near the PtSi/Si interface was formed, allowing photo-

excited holes to tunnel into the substrate, resulting in a lower effective potential barrier.

Previously, very shallow ion implants at the metal-silicon interface, first demonstrated

by Shannon6, have been employed by Pellegrini  et al and Wei et a/. to extend the

PtSi cutoff wavelength7Sa.  More recently, molecular beam epitaxy (MBE) was used to

grow the thin doping spikes to reduce the Schottky  barriers of Ti/Si9 and CoSiz/Sil  0.

However, the additional tunneling process required for the collection of the photo-

excited carriers reduces the detector response. Furthermore, due to the limited

abruptness of the implanted doping spike profile, the electric field near the doping

spike was increased drastically, resulting in a significantly increased contribution of

tunneling current to the detector dark current.

By reducing the doping spike thickness, the effective potential barrier can be

reduced without the formation of a potential spike, eliminating the undesired tunneling
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procbss.  The calculated energy-band diagrams of three PtSi detectors are shown in

Fig. 1: (a) without the doping spike, (b) with a 5-rim-thick doping spike doped with 6 x

1018 cm-3 boron, and (3) with a l-rim-thick doping spike doped with 1.2 x 10zo cm-s

boron. The substrate doping concentration is 5 x 10ld cm-s, and the bias voltage is -1

V for the calculation. The effective Schottky barrier heights for both doping-spike PtSi

detectors are designed to be 0.1 eV. As shown in Fig. 1 (b), the thicker doping spike (5

nm) results in the formation of a potential spike, and the tunneling process will be

required for the collection of photo-excited holes. By reducing the doping spike

thickness to 1 nm, with a corresponding increase of the doping concentration from 6 x

1018 to 1.2 x 10ao cm-s,  similar barrier reduction can be achieved without the

formation of an undesired potential spike, as shown in Fig. 1 (c), eliminating the

undesirable tunneling process.

This thin doping spike approach requires the formation of - I-rim-thick doping

spikes with high doping concentrations and atomically abrupt doping profiies.  This

was made possibie  by the recent advances in the MBE technology, which aiiows  the

growth of degenerately doped silicon iayers with atomically sharp doping profiles at a

low temperature 1 ~12. The low growth temperature is essential to preserve the

atomically sharp doping profiles to avoid the boron precipitation and surface

segregation probiemsl 1. In this paper, we report extended LWIR cutoff wavelengths of

PtSi Schottky infrared detectors by incorporating 1-rim-thick p+ doping spikes grown

by MBE.

The PtSi Schottky  detectors were fabricated on double-side poiished  Si (1 00)

wafers with a resistivity  of 30 Q-cm. The device structure incorporates n-type guard

rings which define the periphery of the active device areas to suppress edge leakage.

Prior to MBE growth, the wafers were cleaned using the “spin-clean” method, which

invoives  the removai  of a chemically grown surface oxide using an HF/ethanoi  soiution

in a nitrogen giove box foiiowed  by anneaiing  in the growth chamber of a commercial

Riber  EVA 32 Si MBE system at temperatures less than 500”C1S. The 1 -rim-thick p+-

Si iayers were grown by MBE at 450 “C using eiementai  boron as the dopant source.

Doping concentrations ranging from 5 xl 019 to 2 x 10zo cm-a were studied. The PtSi

iayers were formed in-situ by depositing undoped Si and Pt foliowed  by anneaiing  at

400”C. The PtSi infrared detectors were characterized using current-voitage  (i-V)

measurements and photo response measurements. The materiai  quaiity of the p-t

doping spikes and the. PtSi layers were characterized by cross-sectionai  transmission

eiectron  microscopy (TEM) using an ABT 002B 200 kV high resolution eiectron

microscope. Cross-sectionai  TEM specimens were prepared using standard

mechanical dimpiing  foilowed  by Ar ion thinning.
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., Figure 2 shows the cross-sectional TEM micrograph of the PtSi/Si interface of

detector A. The thickness and the doping concentration of the p+ spike are 1 nm and 5

x 1019 cm-o, respectively, and the thickness of the PtSi  layer is 2.4 nm. The PtSi layer

has a uniform thickness and a reasonably flat interface with the underlying Si as

indicated by the single arrow in Fig. 2. it is polycrystalline in nature with some grains

exhibiting lattice fringes and moire-fringe patterns. No evidence was found for

structural damage in the crystal due to the presence of this layer.

The dark currents of the doping-spike PtSi  detectors were thermionic  emission
limited, given by Jo = A*” T2 exp(-q@/kT),  where Jo is the dark current density, A** is

the Richardson constant, T is the absolute temperature, q@B is the effective potential

barrier, and k is the Boltzmann  constant. Figure 3 shows the typical plot of JO/Ta  vs

l/kT for a doping-spike PtSi detector measured at -0.5 V reverse bias. The doping

concentration of the l-rim-thick p+ doping spike is 2 x 1020 cm-s. The cutoff

wavelength of this detector determined by the Fowler  plot is 22 ym, corresponding to a

optical barrier height of 0.057 eV, as shown in Fig. 4. An effective barrier height, q@5,

of 0.032 eV was determined from the slope of the plot. The 0.025 eV discrepancy

between the measured electrical and optical barrier heights is probably due to the

scattering required for the internal photoemission  process 14. No excess tunneling

dark current was observed, indicating the absence of tunneling effect.

The detector spectral responses were measured with back-side illumination

using a 940K blackbody  source. Figure 4 shows the responses of three doping-spike

PtSi detectors at T = 30K. The thickness of the PtSi layers is 4 nm and the doping

concentrations of the 1-rim-thick doping spikes ranging from 1 x 10zo cm-s to 2 x 10zo

cm-o. The effective optical potential barriers of these detectors were determined by

Fowler plots to be 0.09, 0.069, and 0.057 eV, corresponding to cutoff wavelengths of- - -
14, 18, and 22 Vm, respectively, with the Fowler  coefficients Cl’s of 0.2, 0.156, and

‘0.1 43 eV-l , respectively. A higher Cl of 0.2 was observed for the 14 pm cutoff

detector because an optical cavity was incorporated to enhance the infrared

absorption. These Cl’s were comparable to those of conventional PtSi  detectors with

similar PtSi thicknesses, indicating the absence of the tunneling process in the internal

photoemission  process.

In conclusion, the cutoff wavelength of the PtSi Schottky infrared detector has

been extended to the LWIR region by incorporating a 1 -rim-thick p+ doping spike at

the siIicide/siiicon  interface. The detector cutoff wavelengths can be tailored by

varying the doping concentrations of the p- spikes. Cutoff  wavelengths of 14, 18, and

22 ym have been demonstrated for doping-spike PtSi detec:crs. Thermionlc  emission

I-V characteristics and Fowler-dependent photo responses were observed for the
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,’ doping-spike PtSi detectors, indicating the absence of undesirable tunneling

‘mechanism.
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Figure 1. The calculated energy-band diagrams of three PtSi detectors incorporating the
Schottky  image force effect: (a) without the doping spike, (b) with a 5-rim-thick
spike doped with 6 x 10la  cm-s boron, and (3) with a 1 -rim-thick spike doped
with 1.2 x 1020 cm-s boron.
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Figure 2.

-..

Cross-sectional TEM micrographs  of a doping-spike PtSi de~ector with a 2.4-
nm-thick  PtSi layer and I-rim-thick p+ doping spike grown by ME3E at 450° C.

Figure 3. Richardson
wavelength
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plot of a typical doping-spike PtSI de!ec:or  with a 22 ~lm cutoff
whose photo response is shown in Fig, J,
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Quantum efficiency as a function of wavelength for the three doping-spike PtSi
detectors with 1-rim-thick p+ doping spikes measured at 40K. The cutoff
wavelengths can be taiiorable  from 14 to 22 ~m by increasing the p+ spike
doping concentration from 1 x 1020 to 2 x 10po cm-s.
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